Single-step electron tunnelling reactions can transport charges over distances of 15-20 Å in proteins. Longer-range transfer requires multi-step tunnelling processes along redox chains, often referred to as hopping. Long-range hopping via oxidized radicals of tryptophan and tyrosine, which has been identified in several natural enzymes, has been demonstrated in artificial constructs of the blue copper protein azurin. Tryptophan and tyrosine serve as hopping way stations in high-potential charge transport processes. It may be no coincidence that these two residues occur with greater-than-average frequency in O 2 -and H 2 O 2 -reactive enzymes. We suggest that appropriately placed tyrosine and/or tryptophan residues prevent damage from high-potential reactive intermediates by reduction followed by transfer of the oxidizing equivalent to less harmful sites or out of the protein altogether.
Background
It is well established that multi-step tunnelling, called hopping, is required for functional charge transport in many redox enzymes (examples include ribonucleotide reductase [1] [2] [3] [4] [5] [6] [7] [8] [9] , photosystem II [10] [11] [12] , DNA photolyase [13] [14] [15] [16] [17] [18] [19] [20] [21] , MauG [22] [23] [24] [25] and cytochrome c peroxidase [26, 27] ). Here, we advance the hypothesis that many such enzymes, most especially those that generate high-potential intermediates during turnover, could be irreversibly damaged if the intermediates are not inactivated in some way. We suggest that appropriately placed tyrosine (Tyr) and/or tryptophan (Trp) residues can prevent such damage by rapid reduction of the intermediates followed by transfer of the oxidizing equivalent to less harmful sites or out of the protein altogether [28] . A protective role of this sort will not Work by theorists has shed much light on the main factors controlling biological ET reactions [34, 35] : and, in our experimental programme, we have found semiclassical ET theory [36] to be particularly useful in analyses of results. Notably, given a particular spatial arrangement of redox cofactors, we can predict driving force dependences of the relative time constants for single-step (τ ss = 1/k ss ) and multi-step (τ hop ) electron transport [31] . Alternatively, given the redox and reorganization energetics, we can predict the hopping propensity for different cofactor arrangements [33] . We considered azurins labelled with Ru(bpy) 2 
Protecting P450s?
The cytochromes P450 are members of a superfamily of haem oxygenases that perform two broad functional roles: xenobiotic metabolism and biosynthesis [43, 44] . In mammals, these functions include drug metabolism, conversion of lipophilic molecules to more polar products for enhanced elimination, steroid biosynthesis and conversion of polyunsaturated fatty acids to biologically active products [43, 45] . P450s are monooxygenases that incorporate one oxygen atom from O 2 into the substrate while the second is reduced to H 2 O [43, 44] . Substrate binding triggers reduction of the ferric enzyme to the ferrous state by a reductase with reducing equivalents originating in NAD(P)H. Oxygen binding, followed by delivery of a second electron, induces O−O bond cleavage, producing H 2 O and a ferryl-porphyrin cation radical (Cmpd-1). Cmpd-1 transfers an O atom to substrate, regenerating the ferric haem [43] . The UniProtKB/Swiss-Prot database indicates that P450s are rich in aromatic amino acids: 90% of the sequences in the P450 family (956 sequences) have above-average occurrence of Phe residues; and 68% of the sequences have more Trp residues than average. Phe residues are unlikely to participate as real intermediates in ET reactions, but their role in enhanced superexchange coupling for long-range ET remains unresolved [46] [47] [48] . Cytochrome P450 BM3 (CYP102A1) is frequently used as a soluble surrogate for human microsomal P450 s [44] . common alternative residue at this position is His. Interestingly, of the 698 sequences with Trp at this position, all but five derive from eukaryotic sources, whereas about half of the proteins with His at this position derive from bacterial or archaeal sources. The strong conservation of the Trp 96 residue has been noted previously [50] . An ET mediator role for this residue had been suggested, but replacement of Trp 96 with Ala, Phe or Tyr has little impact on catalytic turnover kinetics [50] . To the best of our knowledge, no role other than structural has been reported for this highly conserved Trp residue in P450 [44] . The oxygenation chemistry catalysed by some P450s is tightly coupled to substrate hydroxylation: one mole of product is produced for each mole of O 2 consumed. In many enzymes, particularly the eukaryotic proteins with broad substrate specificities, hydroxylation is much less efficiently coupled to O 2 reduction (frequently less than 10%) [51] [52] [53] [54] . The production of ROS can lead to rapid degradation of the enzyme. In the case of oxidase chemistry (formation of 2H 2 O from O 2 ), two reducing equivalents must be delivered by sources other than the substrate. Uncoupled P450 catalysis leads to oxidation of bilirubin and uroporphyrinogen [55, 56] . The physiological consequences of this uncoupling could involve uroporphyria and lowered plasma bilirubin concentrations [56] . Halogenated P450 substrates, including environmental toxins such as polyhalogenated biphenyls, are associated with inhibition of monooxygenase activity and uncoupled O 2 consumption [55, 56] . We suggest that redox-active Tyr and/or Trp residues in P450, quite possibly analogues of Trp 96 , protect the enzyme from oxidative degradation during uncoupled catalysis.
Parting shots
Across the six enzyme classes (oxidoreductases, transferases, hydrolases, lyases, isomerases and ligases) defined by the Enzyme Data Bank of the Swiss Institute of Bioinformatics, greater than half of the oxidoreductases have Tyr and Trp frequencies above the database average ( figure 2 
